Abstract Various studies have indicated that the thalamus is involved in controlling both cortico-cortical information flow and cortical communication with the rest of the brain. Detailed anatomy and functional connectivity patterns of the thalamocortical system are essential to understanding the cortical organization and pathophysiology of a wide range of thalamus-related neurological and neuropsychiatric diseases. The current study used resting-state fMRI to investigate the topography of the human thalamocortical system from a functional perspective. The thalamus-related cortical networks were identified by performing independent component analysis on voxel-based thalamic functional connectivity maps across a large group of subjects. The resulting functional brain networks were very similar to well-established resting-state network maps. Using these brain network components in a spatial regression model with each thalamic voxel's functional connectivity map, we localized the thalamic subdivisions related to each brain network. For instance, the medial dorsal nucleus was shown to be associated with the default mode, the bilateral executive, the medial visual networks; and the pulvinar nucleus was involved in both the dorsal attention and the visual networks. These results revealed that a single nucleus may have functional connections with multiple cortical regions or even multiple functional networks, and may be potentially related to the function of mediation or modulation of multiple cortical networks. This observed organization of thalamocortical system provided a reference for studying the functions of thalamic sub-regions. The importance of intrinsic connectivity-based mapping of the thalamocortical relationship is discussed, as well as the applicability of the approach for future studies.
. The topography of anatomical projections from major thalamic nuclei to main cortical regions has been studied in detail by animal studies and postmortem human studies (Jones et al. 2007; Llinás and Paré 1991; Nieuwenhuys et al. 2007) , and the thalamocortical pathways between first-order relay nuclei and sensorimotor, visual and auditory cortices are well-known. However, the vast majority of thalamic sub-regions are formed by higher order relay nuclei, which not only have reciprocal projections with distinct cortical regions but also have non-reciprocal projections from many cortical areas that are not innervated by those nuclei or belong to another circuit system (Guillery and Sherman 2002; McFarland and Haber 2002; Parent et al. 1995; Theyel et al. 2010) . Moreover, Jones (1998 Jones ( , 2001 Jones ( , 2009 has suggested that within the thalamus, besides the core parvalbumin-immunoreactive neurons which project to the cortex in an area-specific manner, there is a matrix of calbindin-immunoreactive neurons that project diffusely to cortical areas. While the general understanding of structural topography of the thalamocortical relations has not altered significantly in recent years, the relatively simple portrait of information flow between the thalamus and cortical regions has become more complex. On the other hand, thalamic dysfunction has been shown in several psychotic disorders, including major depression ), Parkinson's disease (Fasano et al. 2012) , and schizophrenia (Andreasen et al. 1994; Corradi-Dell'Acqua et al. 2012; Popken et al. 2000) . Therefore, mapping the functional topography of human thalamocortical relationships is important to understand thalamic functions and underlying mechanism of these diseases associated with the thalamus.
Recent advances in neuroimaging techniques have enabled researchers to study human thalamocortical relationships in vivo using diffusion tensor imaging (DTI) (Behrens et al. 2003; Draganski et al. 2008; Traynor et al. 2010; O'Muircheartaigh et al. 2011 ) and functional MRI (fMRI) (Zhang et al. 2008 Kim et al. 2013) . Based on the functional connectivity and anatomical connections of the brain, these previous studies have investigated the basic topography of thalamocortical system among distinct thalamic sub-regions and large cortical regions. Studies have also confirmed that the thalamocortical connections observed in humans are similar to those measures of nonhuman primates (Barbas et al. 1987; Van Essen et al. 1986 ).
These studies have illustrated the utility of neuroimaging techniques to map thalamocortical relationships in vivo; however, the typically coarse cortical divisions (e.g., the prefrontal lobe, parietal lobe, occipital lobe) of these studies may neglect detailed mapping within each lobe and simplify the underlying cortical organization of the thalamocortical relationships. In a recent study of more detailed thalamocortical relationships, Kim and colleagues performed two-level independent component analysis (ICA) on resting-state fMRI to parcellate the thalamus into distinct sub-regions and demonstrated that these sub-regions have significant temporal correlations with specific and individual cortical regions . However, this and previous studies have generally focused on individual anatomical cortical lobes or regions, while the functional organization of the cortex is known to be organized as a set of networks of spatially distinct regions that are not necessarily bounded by lobes (Beckmann et al. 2005; Cordes et al. 2000 Cordes et al. , 2002 Yeo et al. 2011 ). Due to the broad functional connections between the thalamus and cortex, it is possible that thalamic nuclei would be expected to not only connect to individual cortical lobes, but also to connect to a set of spatially distinct cortical regions that support similar functions. To examine this, we investigated the cortical organization that responds to the thalamus based on the functional connections between the thalamus and cortex, hypothesizing that cortical regions that respond to the thalamus are organized as brain networks.
While the thalamic subdivisions have been examined with increasing specificity, the aforementioned methods have typically ignored the possible existence of functional overlaps within sub-nuclei, instead assigning singular associations to each in a strategy called ''winner takes all''. However, an individual thalamic nucleus may have connections to multiple cortical systems. For example, the medial pulvinar is strongly interconnected with the temporal and prefrontal cortices (Nieuwenhuys et al. 2007; Romanski et al. 1997) , and the ventral anterior thalamic nucleus links to the prefrontal and premotor cortices (Zikopoulos and Barbas 2006) . In this study, we utilize a methodology specifically designed to be able to both subdivide the thalamus on a fine (voxel wise) resolution and to determine whether individual sub-region possess multiple cortical associations.
Our goal in this study is to use resting-state fMRI to explore the thalamocortical relationships from a functional perspective. First, whole brain functional connectivity maps are calculated for each voxel within the thalamus. Then, data-driven ICA is performed to generate thalamocortical connectivity maps that identify independent patterns of the thalamocortical connections. It is first hypothesized that the pattern of thalamocortical connectivity will be similar to that of the cortical networks typically identified in resting-state fMRI studies. Finally, a spatial regression framework back projects each brain network onto the thalamus, identifying functional subdivisions of the thalamus while also providing the ability to test the hypothesis that individual nuclei have associations with multiple cortical networks.
Materials and methods

Data acquisition
Resting-state fMRI and anatomical images were download from the 1000 Functional Connectomes Project (https:// www.nitrc.org/projects/fcon_1000) (Biswal et al. 2010) . The set consisted of 198 subjects (75 males, 123 females), with ages between 18 and 30 years. The fMRI images were collected using a 3T scanner, with TR of 3 s, 47 slices, 3 mm isotropic voxel size and 119 time points. The first five time points were removed, leaving 114 time points for each subject. Each subject's T1-weighted anatomical scan had been acquired using a magnetizationprepared rapid-acquisition gradient echo (MPRAGE) sequence (192 slices with a 144 9 192 matrix; voxel size 1.20 9 1.00 9 1.33 mm 3 ).
Data preprocessing
All fMRI data were preprocessed using the SPM8 software package (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) and AFNI (http://www.afni.nimh.nih.gov/afni/), as well as in-house MATLAB (MathWorks) programs. The fMRI datasets were realigned to the first image to correct for head motion and linearly co-registered to each subject's T1-weighted image. The six motion parameters obtained from the rigid body registration and the Euclidean norm of all motion derivatives were regressed out from time series of all the voxels. Each structural image was segmented into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF). The functional images were then transformed to the standard Montreal Neurological Institute (MNI) template in 3 9 3 9 3 mm 3 using the Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL, Ashburner et al. 2007 ) toolbox. CSF and WM masks were defined by thresholding individual tissue probability maps at 0.95. The first five principal components from each of the CSF and WM masks were regressed out from time series of every voxel. No physiologic (e.g., breathing, heart rate, etc.) or global mean signals were regressed Saad et al. 2012 ). Finally, a band pass filter ranging between 0.01 and 0.1 Hz was applied to each time series. No spatial smoothing was performed.
The thalamus mask
We combined regions 10 (left thalamus) and 49 (right thalamus) from the Harvard-Oxford cortical and subcortical structural atlases (http://www.fsl.fmrib.ox.ac.uk/fsl/ fslwiki/Atlases) to define a mask for the thalamus. This mask was then downsampled into matching 3 9 3 9 3 mm 3 in MNI space. 679 voxels were included in the final thalamus mask (Fig. 1) .
Identifying thalamic connectivity patterns
The sequence of steps used to identify the thalamic functional connectivity pattern is presented schematically in Fig. 2 . First, we calculated the functional connectivity of each voxel in the thalamus to all the voxels across the whole brain using Pearson's correlation coefficient, resulting in 679 seed-based correlation maps for each subject (Fig. 2a, b) (Lowe et al. 2000) . All correlation maps were Fisher-transformed to Z-scores.
To identify spatial patterns underlying these thalamic connectivity maps, spatial ICA (Beckmann et al. 2005; Biswal et al. 2010; Greicius et al. 2004 ) was performed on this set of seed-based correlation maps (Fig. 2c ). Z-score maps from all subjects were concatenated into a single 4D dataset; since a single volume had 61 9 73 9 61 voxels, and there were 679 volumes for each of the 198 subjects, the shape of the final 4D dataset was 61 9 73 9 61 9 134442 voxels. Then FSL's MELODIC (Multivariate Exploratory Linear Optimized Decomposition into Independent Components) (Beckmann 2005 ) was used to decompose this 4D data into 20 spatially independent components (ICs), representing large-scale patterns of functional connectivity of the thalamus to the whole brain (Biswal et al. 2010; Damoiseaux et al. 2006; Smith et al. 2009) . From this set of ICs, we were able to identify 10 known brain networks for further analysis (Fig. 2d) .
From brain networks to the thalamus
For each subject, to measure the functional connectivity between each thalamic voxel and brain network, we then measured the contributions of each IC network with the individual thalamic connectivity maps (Fig. 2e) . To do this, the thalamic correlation maps and IC maps were transformed into vectors, and linear regression was used to quantify network relationships per voxel. For a given voxel in the thalamus, a linear regression was used to measure the contribution from each IC (i.e., each was used in vectorised form as a predictor in the model) to the voxel's seed-based correlation map (i.e., each was used in vectorised form as the dependent variable in the model). For each subject and each voxel in the thalamus, the linear regression model for deriving these contributions was given as follows:
for every voxel in the thalamus, i ¼ 1; 2; 3; . . .; 679 ð Þ ;
where y (i) is the thalamic correlation map of the ith voxel, V ICj is the jth IC map; b j(i) is a matrix of values quantifying the relative contribution of each brain network to every thalamic correlation map; and e is a vector of the residuals of the model. The regression analysis was performed for all the 679 voxels in the thalamus, and 10 b values were obtained for each voxel. To find significant clusters in the thalamus for each network IC, a voxel wise, one sample t test was performed on every network's thalamic b map across subjects using the FSL randomize ( Fig. 2f ), using threshold-free cluster enhancement (TFCE) to threshold Fig. 1 The thalamus mask (679 voxels) defined using the Harvard-Oxford cortical and subcortical structural atlases and overlaid on a MNI template. The slice number of x, y, and z is given in MNI coordinates Step A time series from the thalamus mask (679 voxels in total) were extracted.
Step B each time series from each voxel of the thalamus was correlated to the rest of the whole brain.
Step C ICA was performed on functional connectivity maps.
Step D 10 wellestablished brain networks were identified (NB: in this panel thresholding is only for visualization; IC maps were not thresholded at this stage of analysis)
Step E the spatial regression model was used to calculate the thalamic b maps.
Step F thalamic b maps were constructed for every network.
Step G one sample t test was performed across every thalamic b map of each subject the final statistical maps at a family-wise error (FWE) corrected value of p \ 0.05 (Smith and Nichols 2009 ).
Identification of the thalamic nuclei
The thalamus atlas by Morel and Krauth (Morel 1997; Krauth 2010 ) was used to identify the thalamic nuclei. This atlas was primarily constructed based on the postmortem examination of nine stereotactic cuts from five healthy human brains, and built in MNI space including 40 small thalamic nuclei. In addition to visual inspection of the thalamic nuclei locations, we first downsampled the atlas from 1 to 3 mm voxel size (matching the fMRI resolution) and then directly measured the overlap between each nucleus in the atlas and thalamus-corresponding sub-region. The correspondence table is provided in the supplementary material.
Results
Group level spatial ICA of thalamic correlation maps
Spatial ICA on thalamic correlation maps across subjects was implemented to produce 20 ICs, of which 10 were visually identified as being quite similar to the standard networks that have generally been observed in restingstate fMRI studies (Beckman et al. 2005; Biswal et al. 1995 Biswal et al. , 2010 . These networks corresponded to: the default mode (DMN), the posterior DMN, left and right executive, auditory, dorsal attention, motor, salience, lateral visual, and medial visual networks (Fig. 3) . The peak coordinates of clusters of these networks are listed in supplementary Table S1 . The maps of the remaining 10 ICs are also illustrated in supplementary Fig S1 . Additionally, several subcortical components were observed (see the supplementary materials), and while these may have functional interactions with the thalamus, they were beyond the scope of the current study, which focused on cortical connections.
Thalamic mapping of corresponding brain networks Figure 4 shows thalamic sub-regions associated with each of the ten final networks. The DMN-related sub-regions encompass the left anterior nucleus (ventral portion), intralaminar nucleus, left ventral lateral nuclei (VL), as well as the mediodorsal nucleus. The thalamic sub-region related to the posterior DMN encompasses a large portion of the thalamus, including the intralaminar nucleus, the medial dorsal nucleus, the VL nucleus, and the pulvinar. The dorsal attention network corresponds to the posterior part of the thalamus, mainly the pulvinar, and lateral posterior nucleus. The left and the right executive networks show lateralized and predominantly symmetric patterns, covering the major parts of the mediodorsal nucleus and the pulvinar (medial portion), VL nucleus.
The motor network appears to be associated with the ventral posterior lateral nucleus and covers a small portion of the medial dorsal nucleus. Small sub-regions associated with the auditory network are located at the medial pulvinar nucleus around the medial geniculate nucleus. Both the lateral and the medial visual networks are mainly associated with the pulvinar, but only the medial visual network showed relation to the medial portion of the thalamus, such as the intralaminar, mediodorsal and ventral posterior nucleus. The thalamic sub-regions corresponding to the salience network are found mostly at the VL nucleus, also small portion at the anterior part of the thalamus, including the anterior nuclei and the ventral anterior (VA).
Overlap between brain network corresponding regions inside the thalamus Most of the thalamic subdivisions corresponding to different networks are discernible from each other (Fig. 4) . However, spatial overlaps are apparent among some of these subdivisions. Overlaps among the thalamic regions associated with the DMN and the executive network ICs are shown in Fig. 5a . The overlaps of thalamic regions that correspond to the DMN and right executive network were localized in the left thalamus, namely in the medial dorsal nucleus and anterior nucleus, as well as in the pulvinar nucleus. The overlaps of thalamic regions corresponding to the DMN and the left executive network revealed similar patterns but in the right thalamus. In addition, bilateral overlaps were also observed in the pulvinar nucleus that corresponded to the lateral visual, medial visual and attention networks (Fig. 5b) .
Discussion
This study utilized resting-state fMRI to investigate the connectivity of the thalamocortical system. The current study demonstrates for the first time that cortical regions that show functional connectivity with the thalamus were organized as networks which were spatially similar to resting-state networks. We then identified sub-regions of the thalamus that corresponded to those different brain networks, as well as functional overlaps between those subregions. The spatial patterns of thalamic subdivisions observed in the present study are predominantly consistent with a previous cytoarchitectonic study and fMRI studies Zhang et al. 2008 Zhang et al. , 2010 . Due to the heterogeneous variation of the size and location of thalamic nuclei, as well as the necessary spatial resolution constraint of the whole brain fMRI data, it is difficult to precisely identify each thalamic nucleus via the standardized template. Moreover, the thalamus atlas used here as a reference was constructed from histological data (Morel et al. 1997 ) and then reconstructed in the MNI grid (Kruth et al. 2010 ). Therefore, a certain inherent mismatch can be expected in the overlap maps. To minimize resulting errors, we mainly focused on the largest of the 40 nuclei present in the Morel atlas, such as the mediodorsal and pulvinar nuclei, without differentiating finer subdivisions of these nuclei (which would likely be considered 'subresolution' in this study). However, the detailed nuclei identifications have been included in the supplementary material (Table S3-S6) .
Thalamocortical relationships
One critical step in studying thalamocortical relationships is to properly define corresponding cortical target regions, so that the thalamocortical association can be mapped accordingly. Previous studies have investigated relations to individual cortical lobes and regions. In the current study, instead of predefining cortical locations, we started with observing the functional connectivity patterns of thalamocortical system. We performed spatial ICA on a series of Fig. 5 Overlaps of thalamic regions that corresponding to different networks. In each labeled pair, the overlapping thalamic voxels of the first (green) and second (blue) nuclei are highlighted in red for the following associated networks. Panel a shows the overlaps of thalamus regions that were associated with the DMN and the bilateral executive networks. Panel b demonstrates the overlaps of thalamic regions that were associated with the lateral and medial visual networks and the dorsal attention network functional correlation maps derived using each thalamic voxel as a seed and identified the spatially independent patterns of the thalamocortical connectivity maps. Interestingly, the observed independent cortical networks closely resembled resting-state networks (Biswal et al. 2010; Cole et al. 2010 ). This result suggested that the thalamus has distributed cortical functional connections across all the distinct networks and stresses the importance of defining cortical target regions based on data-driven thalamic interactions. However, because these cortical regions within a network generally have high functional connectivity, it would be possible that only some of these regions within a network are directly connected to the thalamus sub-regions, and the functional connectivity between other regions and the thalamus is mediated by that single region in the network. This question may be resolved using other imaging methods (e.g. DTI) to examine the white matter connections between certain cortical regions and the thalamus.
Specific networks
By applying a spatial regression model, thalamic sub-regions that were associated with different networks were identified. The thalamic sub-regions associated with different networks agree with previous studies, especially for unimodal networks such as the sensorimotor, visual and auditory networks. It is commonly acknowledged that the ventral posterior nuclei are involved in sensorimotor functions (Diamond et al. 1992; Jones et al. 2007; Koralek et al. 1988 ). The thalamic sub-regions of the motor network roughly matched with this description (Fig. 4f) . Auditory processing usually involves the medial geniculate body (MGN) (Winer et al. 1992) , which can be approximately observed in the thalamic sub-regions corresponding to the auditory network (Fig. 4g) . The lateral geniculate nucleus (LGN), the lateral posterior nucleus and inferior pulvinar nucleus have been shown to be largely connected to the visual cortex (Adams et al. 2000; Li et al. 2012; Sabatinelli et al. 2011; Zou et al. 2009 ). These nuclei generally agree with the thalamic sub-regions that correspond to the medial and lateral visual networks (Fig. 4h, i) . It should be noted that, considering the limited spatial resolutions of fMRI images, the results in Fig. 4 cannot be expected to match the precision of previous histology studies. Based on the imaging protocols, we can only approximately locate the major thalamic nuclei within the MNI template.
ICA identified three independent components that are associated with visual and attention processing: the medial visual, the lateral visual and the dorsal attention components. Thalamic sub-regions related with these three networks showed overlaps as well as disparities. All three networks revealed associated thalamic sub-regions in the posterior thalamus, mainly in the pulvinar nucleus. Considering that the pulvinar nucleus is an important structure in the visual path and highly involved in attention orienting and selection (LaBerge and Buchsbaum 1990; LaBerge et al. 1995; Roux et al. 2013; Saalmann et al. 2012) , the observed spatial associations indicate that the pulvinar might play a critical role in mediating or modulating communications among lower visual, higher visual and attention networks. There are several thalamic sub-regions including the intralaminar, medial dorsal nucleus (MD) and ventral lateral nucleus that only appear in the medial visual network (mainly V1), but not in the lateral visual network (mainly V2 and V4). The VL is the only nucleus that just appears in the medial visual network, but not in the lateral visual network, nor in the dorsal attention network. The MD has a reciprocal and direct connection with the prefrontal cortex and cingulate cortex (Eckert et al. 2012; Klein et al. 2010) ; the intralaminar nuclei have a wide projection to striatum and several cortical regions including visual cortex, auditory cortex, anterior cingulate gyrus (Kaufman and Rosenquist 1985, Jones et al. 1974) ; The VL projects to the primary motor area and afferent from cerebellar nuclei (Asanuma et al. 1983 ), but there is no established anatomical connection between these nuclei and the visual cortex. It is possible that some other regions mediate the functional correlation between these nuclei and the medial visual network. Some evidence suggests that the MD is activated in processing information of spatial location and controlling saccade direction (Watanabe et al. 2004) , which indicates that the MD is involved in processing integral information from sensory and motor system. This hypothesis is in line with the current results of the functional relationships between the MD and the medial visual network. The connection between the intralaminar nucleus, VL and the visual cortex has also been reported (Miller et al. 1979; Kaufman and Rosenquist 1985) . Noticeably, the multisensory integration theory (Ghazanfar and Schroeder 2006) might provide an reasonable explanation, but our results are far from been able to support any of those theories.
The default mode network has higher metabolic rates during the unconstrained mode of brain functioning (Raichle et al. 2001 ) but is deactivated during task condition (Greicius et al. 2003; Fox et al. 2005; Binder et al. 2012) . It is associated with consciousness, memory retrieval, self-reflection, as well as various psychiatric and neuro-degenerative diseases (Anticevic et al. 2012; Buckner et al. 2005; Greicius et al. 2004; Zhang et al. 2009 ). The current analysis identified two DMN components (the DMN and PDMN), and their corresponding thalamic subdivisions. Although these two default mode networks are spatially adjacent or even overlap, several recent studies (Buckner et al. 2008; Stevens et al. 2009; Yang et al. 2014; Zuo et al. 2010) have indicated the potential differences between the DMN and PDMN, especially in terms of development (Power et al. 2010 ) and aging (Andrews-Hanna et al. 2007; Yang et al. 2014 ). The functional thalamocortical analysis here revealed both overlaps and differentiated patterns of two network's corresponding thalamic sub-regions. The DMN-associated regions mainly encompassed the anterior portion of the thalamus, such as anterior nucleus and the medial dorsal (MD), while those of the posterior DMN covered the whole MD and a large portion of the pulvinar nucleus (Fig. 4b) . Previous studies have shown that, the anterior thalamic nucleus projects to the posterior cingulate cortex (Vogt et al. 1979 (Vogt et al. , 1987 Kim et al. 2013) , the MD projects to prefrontal lobe (Ray and Price et al. 1993; Klein et al. 2010; Eckert et al. 2012; Leonard et al. 1969; Krettek et al. 1977; Goldman et al. 1985; Ray et al. 1993; Klein et al. 2010) , and the pulvinar nucleus has widely distributed projections to the parietal, the temporal and the prefrontal lobes (Asanuma et al. 1985; Behrens et al. 2003; Grieve et al. 2000; Mufson et al. 1984; Romanski et al. 1997) . Therefore, the functional interactions among these thalamic nuclei and default networks agree with the known underlying anatomical connections. The main thalamic differentiation between those two networks appears to be that the DMN preferentially targets the rostral part of the MD and midline nucleus, while the PDMN encompasses nearly the entire MD. Additionally, the DMN covers very small portion of the pulvinar nucleus near the midline, and the pDMN covers a large portion of medial the pulvinar nucleus.
In fact, each subdivision of the MD shows a distinct connection to the prefrontal cortex: the medial MD to the lateral orbitofrontal cortex; the caudodorsal MD to cingulate cortex; and the lateral MD to lateral prefrontal cortex (Ray et al. 1993; Barbas et al. 2000; Klein et al. 2010; Mitchell et al. 2007 Mitchell et al. , 2013 . Since the DMN and PDMN encompass at different regions of the prefrontal lobe, it is possible that those differences observed here are due to the different projections from MD to the prefrontal lobe. Additionally, those sub-regions corresponding to two default networks also present different patterns inside the thalamus. The DMN is left lateralized, while the PDMN is bilateralized. Several previous studies mentioned the lateralized thalamic function and lateralized structural connections between the thalamus and cortical regions (Alkonyi et al. 2011; De Witte et al. 2011; Exner et al. 2001; Marchetti et al. 2005; Johnson et al. 2000; Oke et al. 1978) , and functional lateralization of DMN ). However, there has been no general consensus on the mechanisms for the lateralization of the thalamic sub-regions of DMN, a topic which requires further investigation.
The bilateral executive networks, which encompass mainly the dorsolateral prefrontal and inferior parietal cortices, have been identified in various task-based neuroimaging studies (Coull et al. 1996; Dormal et al. 2012) . Based on thalamocortical connectivity, the lateralized frontoparietal network had a corresponding lateralized projection in the thalamus (Fig. 4) , mainly the MD and the pulvinar nucleus. This localization agrees with previous anatomical studies in monkeys (Selemon et al. 1988 ). Both of the frontal and parietal cortex project to the MD nucleus and lateral dorsal nuclei. The parietal projection occupied the lateral part of the medial pulvinar (Fig. 4) . In addition, sub-regions associated with DMN and bilateral executive networks are highly overlapped in the MD and pulvinar (Fig. 5) . In fact, the competitive interaction between the DMN (without the differentiated posterior region) and the executive network has been frequently observed (Chen et al. 2013; Fox and Raichle 2007; Hellyer et al. 2014; Sridharan et al. 2008) . However, the underlying mechanism that regulates these two networks is still unclear. Based on the observed thalamocortical functional connectivity, it is possible that the same neural ensembles within thalamic nucleus interact with both the DMN and executive network. Therefore, these thalamic sub-regions might play a role in mediating or modulating these two major cortical networks. Using specific models such as the physiophysiological interaction (Friston et al. 1997 ) and the dynamic causal modeling (Friston et al. 2003) , future studies might provide more detailed functional relationships among the thalamus, DMN and executive networks.
The salience network, first defined by Seeley and colleagues, mainly covers the bilateral anterior insula, inferior frontal and the anterior cingulate cortices (Seeley et al. 2007 ). The current analysis identified two corresponding clusters in the anterior portion of the thalamus, including anterior nucleus, VA, VL, and intralaminar nucleus, which were in line with previous anatomic studies using nonhuman animals, in which, for example, the anterior cingulate cortex projects to MD, VA/VL and intralaminar nuclei (Harber and McFarland 2001; Jeon et al. 2014; Kievit and Kuypers et al. 1975; Barbas 2004, 2009; Zikopoulos and Barbas 2006) . The anterior insula is known to be anatomically connected to the ventromedial posterior nucleus and the intralaminar nuclei (Guldin and Markowitsch 1983) . However, the locations of thalamic subdivisions associated with the salience and executive networks in the current study differ from what has been shown in Fig. 5 of Seeley et al. (2007) . The current results indicated that the thalamic subdivisions of the salience network are functionally connected to the anterior portion of the thalamus and those of the executive networks are in the medial potion, while Seeley et al. (2007) illustrated that the salience-related thalamic regions are more posterior than those of the executive network. Nevertheless, recent studies using high-field fMRI have also shown that the VA and intralaminar nuclei were involved in directing attention toward upcoming stimuli, and that the MD was more associated with the content of the stimuli rather than specific stimuli intensity (Metzger et al. 2010; Walter et al. 2008 ). These differences may reflect the heterogeneous nature of thalamic connections observed using different experimental paradigms, as well as simply the relatively low spatial resolution of FMRI. Follow-up investigations with high resolution functional images (such as, Metzger et al. 2013) may provide a more detailed spatial mapping. In addition, other studies have indicated that the thalamus is only involved in the functioning of the salience network when attention resources explicitly are required (Engstrom et al. 2013) . Although the precise role that the thalamus plays with regard to the salience network is uncertain, the present study reinforces the evidence of the presence of functional thalamocortical interaction. The disparities of the attributed thalamic functional activity among all of these studies may be due to the divergent functional configuration between task co-activation and resting-state network (Boly et al. 2012; Bullmore and Sporns et al. 2012; Di et al. 2013) .
Methodology concerns
The current method provides a novel approach to assessing functional interaction between a particular brain region and the whole brain. By applying this method to study the thalamus, we demonstrated that cortical regions that interacted with the thalamus were organized as spatially distinct networks, in particular as commonly identified (resting state) functional networks. This widespread functional connectivity may result from the fact that the thalamus has widely spread structural connectivity with cortical regions (Van Dijk et al. 2010) . It is likely that the current method can be applied to other brain regions, e.g., the basal ganglia, the hippocampus, and the visual cortex. However, whether their connectivity maps could show network-like patterns still needs further verification.
The current analysis adopted spatial ICA to unravel thalamocortical connectivity patterns, which introduced some practical problem of ICA. An existing main concern of ICA is the dependency of results on the selection of the number of ICs that is specified. Since we are interested in major brain networks that are generally analyzed in literatures (Biswal et al. 2010; Cole et al. 2010) , a subset of the 20 computed components was extracted for further analysis, namely those which were visually identifiable as networks that have been shown in previous studies. Even so, ICs are known to show degrees of variability as the dimensionality of the decomposition changes, which would subtly alter the overlap pattern of the thalamic subdivisions at small scale. However, it should be noted that the spatial regression model was implemented to reduce the spurious effects of the low magnitude spatial fluctuation. While, some recent studies have suggested extracting larger number of ICs to present finer network structure Smith et al. 2009) . It is also possible that increasing model order might also result in less reliable ICs and a decrease in ICA repeatability (Abou-Elseoud et al. 2010) .
Previous studies have shown reconfigurations of functional connectivity between task and rest conditions (Boly et al. 2012; Bullmore and Sporns 2012; Di et al. 2013; Gili et al. 2013 ). Since this current study is mainly based on the resting-state fMRI, it is unclear whether the thalamocortical interactions remain the same in the task conditions. Therefore, by combining resting-state and task-based fMRI, we might be able to provide a better understanding of the thalamocortical system.
Conclusion
In summary, using a data-driven approach, thalamic nuclei were shown to be functionally associated with networks of cortical regions, which were observed to correspond to known brain networks. Additionally, individual thalamic nuclei were observed to be associated with multiple networks, as hypothesized. This study demonstrated a fine functional topography of the thalamocortical system, provided a functional reference for thalamus studies, and bolstered the idea that the higher order nuclei, such as VA, MD, pulvinar nucleus might be connected to several functional networks and are involved in multiple functions.
